Background: There is strikingly limited information on linear growth and weight in the different types of osteogenesis imperfecta (OI). Here, we define growth patterns further with the intent of implementing appropriate adaptations proactively. Methods: We report cross-sectional anthropometric data for 343 subjects with different OI types (144 children, 199 adults). Longitudinal height data for 36 children (18 girls, 18 boys) with OI type I and 10 children (8 girls, 2 boys) with OI type III were obtained. results: In all cases, the height Z-scores were negatively impacted, and final height Z-scores were impacted the most. In type I, the growth velocities taper near puberty, and there is a blunted pubertal growth spurt. The growth velocities of children with type III decelerate before age 5 y; poor growth continues without an obvious pubertal growth spurt. Obesity is a concern for all patients with OI, with type III patients being the most affected. conclusion: The linear growth patterns, in addition to the marked increase in weight over time, indicate a need for lifestyle modifications early in childhood, especially a need for weight control. Further definition of the anthropometric measures in OI enables patients to begin modifications as early as possible.
o steogenesis imperfecta (OI) comprises a group of heritable connective tissue disorders generally defined by skeletal fragility, recurrent fractures, low bone mass, and short stature. The vast majority of OI cases (~90%) are the result of dominant mutations in either of the two type I collagen genes, COL1A1 or COL1A2 (1) . A rapidly growing list of recessive gene mutations has emerged, which account for the remaining 5-10% of OI cases although, with a few exceptions (e.g., SERPINF1, IFITM5, WNT1, SP7), most of these genes are involved in the trafficking or complex post-translational processing of type I collagen (2) . Five types of OI, based largely on the Sillence classification system that was originally outlined 35 y ago, comprise the majority of patients and are the groups that we investigated in this study (3) . In order of increasing severity, the five phenotypic classifications of OI are type I (classic, nondeforming OI with blue sclerae), type IV (common variable OI with normal or blue sclerae), type V (OI with ossification in interosseous membranes), type III (progressively deforming OI with normal or blue sclerae), and type II (perinatally lethal OI). The majority of the rare, recessive types of OI and newly discovered noncollagen molecular defects, which had previously been assigned their own OI types, have clinically similar phenotypes to OI types II and III (1) (2) (3) (4) .
Impaired linear growth and short stature are salient features of severe OI. These features are also typical of many children with mild to moderate OI. However, the etiology of growth retardation in patients with OI is not completely understood. Historically, the poor growth in OI is more notable in patients with qualitative defects in collagen synthesis than in those patients with quantitative defects in whom one-half normal amounts of type I collagen are secreted into the extracellular matrix (5) (6) (7) (8) (9) (10) (11) (12) (13) . The patterns of growth in OI have been analyzed most extensively in types I, III, and IV OI. Children and adults with type I OI can have normal stature or only minimally affected height reductions whereas those with type III OI uniformly have severe short stature accompanied by numerous fractures and extensive bony abnormalities. Patients with type IV OI have mild to moderate short stature with a variable phenotype in terms of linear growth and extent of fractures although always shorter than their genetic target heights (5, 12, (14) (15) (16) (17) (18) . Several studies have examined vertebral height after bisphosphonate treatment during varying periods of linear growth and have found conflicting results as to the efficacy of this therapy (19) (20) (21) (22) , although there are no prospective studies to date that have examined the effect on final height in the OI population. Because bisphosphonates are often given at different ages and over varying durations of time, there is often limited ability to make any general conclusions about treatment efficacy. The issue of weight has only begun to be addressed in the OI population. In a small cohort of patients with OI, there was a higher BMI in type III OI than in type I OI and normal controls and in a larger study an association Articles Germain-Lee et al.
was found between being overweight/obese and OI type, with a higher percentage of energy intake and obesity in OI type III compared to types I and IV (23, 24) .
Here, we report both cross-sectional and longitudinal height and weight data for 343 patients with different types of OI including 144 children and 199 adults, the largest cohort examined to date. We have found that in addition to compromised height and linear growth, obesity is quite prevalent. The purpose of this study was to investigate thoroughly the growth patterns for both height and weight in different OI types and ultimately to integrate a more detailed assessment of these parameters into clinical management by being able to predict height and weight outcomes based on the growth patterns and thereby implement interventions as early as possible.
RESULTS

Height Z-Scores in Children and Adults With OI
Height Z-scores were calculated for both children and adults for OI types I, III, IV, and V. Average pediatric height Z-scores are shown in Table 1 as the mean height Z-score for age along with the mean age and age range for each OI type. Average adult height Z-scores are also shown in Table 1 as the mean height Z-score for age along with the mean age and age range for each OI type. Graphic representation of these data with the differences between OI types is shown in Figure 1 and reveals a similar pattern in children compared to adults. Overall, the mean height Z-scores in adults with OI were lower than in children for the corresponding OI type, with type III and type V being significantly lower (P < 0.05) compared to the mean height Z-score in children with types III and V.
In order to assess whether there were any differences in height Z-scores based on the younger half of the group of children vs. those who were older, subjects who were less than 11 y of age were analyzed vs. those who were 11-19 y of age (i.e., less than 20 y of age) as shown in Figure 2 (children were followed over time and some, but not all, have height Z-scores for both age ranges). This division by age also separates the subjects by pubertal status to a large degree (i.e., prepubertal vs. pubertal). The children in both groups had similar height Z-scores and also similar patterns based on the OI type, and these replicated the pattern seen in the group as a whole. The specific Z-scores are shown in Table 2 for the two age groups.
Our data compared to those in the literature are detailed in Table 3 and show the largest cohort of both children and adults with OI examined to date (total = 343). The other studies examined between 15 to 125 subjects (see tables), with only one other study examining type V OI (25) . In our cohort, the children with type I and type V OI had the best height Z-scores. All the other studies detailed in Table 3 also revealed the best height Z-scores for type I OI, and the one other study that examined type V OI found a shorter population overall than our cohort of type V. Children with type IV OI had lower height Z-scores than type I or type V as children, with the type III OI children having the worst height Z-scores. The same trend was observed in our study for adults with OI, with our study being one of the two studies of adult heights and the only one to have examined adult height Z-scores in subjects with type V OI ( Table 3) . Longitudinal height data for 36 subjects (18 girls and 18 boys) with OI type I and 10 subjects (8 girls and 2 boys) with OI type III were obtained, as shown in Figure 3 and as compared to the percentile curves for the general population. In type I, the mean height velocity standard deviation score (HVSDS) is −0.15, and the growth velocities taper near the onset of puberty. There is a mild blunting of the pubertal growth spurt with a mean pubertal HVSDS of −1.35. The growth velocities of children with type III begin to decelerate before age 5 y with a mean HVSDS of −2.93 for ages 2-8 y; the poor growth continues through puberty without an obvious pubertal growth spurt (HVSDS of −3.74). There are no data to date in which the evolution of puberty and details of the pubertal growth spurt have been examined in OI. Our data based on the growth curves reveal either an absent or suboptimal pubertal growth spurt even in the face of normal pubertal advancement associated with appropriate Tanner stage progression.
Obesity
Obesity is also a concern for all patients with OI, with type III patients being the most severely affected. When taller than approximately 100 cm, the weights of the subjects in our study were significantly increased over time for all ages and for both genders based on height-for-weight growth curves with the height-for-weight curve for the general population superimposed, as shown in Figure 4 . The increases in weights are dramatic for OI types I, III, and IV (with type V having too few subjects to examine by gender in this manner).
DISCUSSION
The purpose of this study was to identify growth patterns in OI of various types in a large cohort, as detailed anthropometric measurements have not been given sufficient attention. In addition, there is limited information on weight in the different OI types. Hence, we examined the height Z-scores, linear growth velocity, and weight of 344 children and adults with OI types I, III, IV, and V. Our study documents the negative effect of OI on height Z-scores and linear growth velocity in the largest group of OI subjects examined to date. Lund et al. (5) first documented height Z-scores for adults with OI ( Table 3 ) in 1999 and reported that heights of patients with OI are compromised compared to the heights of unaffected first-degree relatives, suggesting that the collagen defect may be the primary cause of short stature. Marini et al. (26) noted that children with type I OI grow parallel to but below the normal growth curve, while children with more severe disease (type III or type IV) plateau in their growth as early as age 6 or 7 y for reasons as yet unknown. Although patients with OI can be GH deficient, GH deficiency does not appear to be the mechanism underlying growth retardation in the vast majority of patients with OI based on GH stimulation testing in this condition (18) .
Clearly, in moderate to severe OI, the poor linear growth and short stature are greatly impacted by the skeletal abnormalities such as lower limb bowing and extremity fractures, scoliosis, vertebral compression, and growth plate disintegration ("popcorn epiphyses" typical of severe OI) (27) (28) (29) . However, it is evident that growth can be impaired even in the absence . Note: There is overlap for some children who are within both age subgroups, as they were followed longitudinally. of these skeletal abnormalities. In an anthropometric study of OI, the heights of patients of all OI types were lower than the heights of unaffected family members and followed the distribution of heights within each type, thereby suggesting that the collagen defect itself could be the etiology of the impaired growth (5) . Although the heights may be considered "normal" in type I OI, children and adults with type I have lower mean adult height standard deviation scores (height SDS) than the general population, with a mean final adult height SDS of −1.49 in the adults in our cohort. In addition, patients with OI type IV grow very similarly to those with type III during the first 10 y of life with the same extent of fractures and skeletal deformities but have only mild to moderate growth impairments as adults, again indicating that other factors are involved in linear growth in OI (6) . It has been speculated that the teleological basis for the short stature could be "self-protective, " especially in severe OI in which there is markedly reduced stature; i.e., a shorter bone would not fracture as easily as a longer one (7, 12) . Although it is obvious that recurrent fractures, worsening scoliosis, and vertebral compression contribute to a decrease in height, there are other factors that contribute. It has been theorized that abnormalities in the transition from cartilage to . In our cohort, we found that children with type I OI have birth lengths within the normal range, but the height percentiles gradually decrease to the subnormal range in childhood with final adult heights ending up slightly below the normal height range. In type IV OI, birth lengths were also normal but by 2 y of age, the growth had decelerated and remained poor throughout childhood, with final heights affected to a moderate degree. In type III OI, the infants were of short to normal lengths with very poor growth velocities and severely compromised heights once reaching adulthood. Vetter et al. (6) examined 127 children (40 type I, 39 type II, and 48 type IV) and found that the birth weights and lengths of type III patients were significantly lower than in types I and IV, consistent with our findings, which raises questions as to whether the negative impact on growth in severe OI begins in utero. The pattern of OI patients' adult height Z-scores being lower than their corresponding pediatric Z-scores is common to many diseases that alter normal growth, as well as to any conditions in which there is an early pubertal onset. In OI, the difference in pediatric vs. adult height Z-scores may be reflective of the absent/decreased pubertal growth spurt that we have described here, although pubertal progression is normal. It is also possible that patients with OI plateau in their growth due to the condition itself-i.e., a chronic disease with increased caloric needs for appropriate linear growth. In a recent study examining patients' energy requirements, OI type III had a higher percentage of energy intake, possibly indicating an increased caloric need (24) . The obesity that develops over time could simply be a result of the sedentary lifestyle that is a result of the condition, which is typified by recurrent fractures, pain, skeletal abnormalities, and severe scoliosis with resultant wheelchair dependence.
In our patient population, 60% received bisphosphonate therapy. However, the therapy was given at varying ages and periods of time, thereby limiting our ability to make any general conclusions about treatment effect on height or weight. We examined the height and weight Z-scores as well as the growth velocity in those who were treated over the course of therapy, as well as before and 1 y after, in each subject and found no significant individual differences in these parameters over the course of treatment. When we examined the treated and untreated subjects among all OI types for final height and weight Z-scores there were no differences, but again, the subjects were treated for varying lengths of time so these data are limited in their interpretation. Several studies have reported on vertebral height after bisphosphonate treatment. Sakkers et al. (19) did not find any differences in radiographic assessments of lumbar vertebral heights between olpadronate and placebo at 24 mo of follow up. Other studies have found statistically significant increases in height Z-scores in response to 12 mo of alendronate, risedronate, and intravenous pamidronate therapy, respectively (20) (21) (22) . However, none of these studies analyzed the outcome measure of final height, which is the true measure of clinical effect on linear growth. Clearly, the role of bisphosphonate treatment on final adult height in patients with OI needs further investigation. As we have demonstrated, being overweight or obese is common for patients with OI, although the literature is sparse on this topic. Chagas et al. (23) reported 13 patients with type III OI (mean age = 20 y) having a significantly higher body mass index (28.8 ± 6) compared to patients with type I OI and controls with 46% classified as obese. Zambrano et al. (24) recently reported an association between being overweight or obese and the type of OI, especially prominent in the severe phenotypes. In addition, there was a higher percentage of energy intake in OI type III (24) . They recommended individualized nutritional support. We found that obesity occurs in type I and type IV OI as well, although our data revealed that patients with type III were by far the most severely affected group. In fact, when taller than approximately 100 cm, the increases in the subjects' weight-for-height were most noticeable. Although Vetter et al. (6) examined 127 children with OI type I, III, or IV and found that the birth weights and lengths of OI type III children were the lowest, and Zeitlin et al. (7) found weight Z-scores to be lowest in childhood in OI type III patients, we found that the weight in type III OI clearly increases dramatically over time as the linear growth velocity decelerates and obesity is an issue of concern later in life.
Obvious reasons for being overweight/obese in OI include decreased mobility due to fractures, existing skeletal abnormalities, and pain, often leading to wheelchair dependence as in type III OI. A recent cross-sectional study of 62 children and adolescents with varying types of OI demonstrated that moderate and severe forms of OI are associated with greater functional impairment, influenced by fracture history, which has a negative impact on ambulation and the ability to improve with physical therapy (30) . It would be reasonable to think that the more severe the functional impairment, as in OI type III, the more dramatic the weight gain secondary to the decreased functional capabilities.
Whatever the underlying etiology for the development of obesity in our patient population may be, our findings indicate a need for weight control measurements as well as the importance of dietary measures in patients with OI. In addition, a constant assessment of the factors contributing to the accelerated weight gain, such as decreased mobility and/or increased caloric intake, is necessary.
The impact of OI on skeletal muscle function and anatomy has only received limited investigation. The muscle-bone interaction is important for bone health, and not only can improvements in muscle strength improve stability and exercise tolerance, but the tensile action of muscle on bone is itself a positive force in improving bone density (31) (32) (33) . Appropriate physical therapy and exercise could lead to stronger bone and potentially fewer fractures, thereby improving the amount of time that the patient with OI is mobile.
The linear growth patterns, in addition to the marked increase in weight over time, indicate a need for functional modifications as early as childhood in patients with OI, especially a need for weight control. It is clear that the etiological determinants of height, weight, and overall growth patterns are multifactorial in OI, and the relationship of the anthropometric abnormalities to defective collagen, impaired mobility, metabolism, and nutritional factors in OI requires further investigation.
METHODS
This research was approved by the Johns Hopkins Institutional Review Board (IRB) of Johns Hopkins Medicine (Baltimore, MD). Subject informed consent and/or parental informed consent for subjects younger than 18 y of age was obtained. For both cross-sectional and longitudinal analysis of anthropometric measures, data were collected from the medical records of patients with a diagnosis of OI who were seen in the Osteogenesis Imperfecta Clinic at the Kennedy Krieger Institute (Baltimore, MD) from 2004 to 2013. Subjects were classified as having one of five types of OI initially categorized by Sillence (3) and refined by Glorieux et al. (25) to include type V. Subjects classified as type I OI are characterized by having blue sclerae, absent or minimal limb deformities, and being fully ambulatory. Subjects classified as type III or type IV have short stature, white or blue sclerae, scoliosis, and limb deformities that are considered severe enough to impair normal ambulation and require constant use of a wheelchair (type III) or the use of a cane or walker (type IV). Subjects with type V have white sclerae, x-ray evidence of hyperplastic callous formation, and dislocated radial heads.
Height and weight measurements were performed by physicians and nurses experienced in caring for patients with OI who may have skeletal deformities. Obvious data entry errors were eliminated, and the majority of subjects had greater than three separate measurements. Standing heights were performed using a Harpendon stadiometer (Holtain, Crymych, Dyfed, UK) or a digital Tanita HR-200 stadiometer (Arlington Heights, IL), each calibrated every 6 mo. For a subgroup of subjects with OI type III either arm span measurements or recumbent lengths were obtained on a standardized recumbent measuring device (Hopkins Medical Products Measure Mat II, Baltimore, MD) when standing heights could not be performed due to fractures and/or deformities. Weights were performed on either a Scaletronix standing scale or a specialized Scaletronix chair scale for subjects unable to stand (White Plains, NY). For infants, a separate Pediatric Scaletronix scale was utilized. As per the CDC and American Academy of Pediatrics, the World Health Organization growth criteria were used to analyze the growth data for children between the ages of 0-2 y (34), while for children 2 y of age and over, the Center for Disease Control guidelines were utilized (35) .
Height Z-scores were computed based on the L, M, S parameters published by the CDC (35) . Height Z-scores for adults were computed using the parameters published for patients 240 mo of age (20 y and 0 mo), the oldest subset for which such parameters are available. Because of this, we considered all subjects less than 20 y of age as children and all subjects 20 y of age or older as adults. Data were not adjusted to account for loss of height with increasing age, as the available estimators are used infrequently in the literature, and no estimator is available for those with OI. The mean HVSDS was calculated by utilizing http://growthcalc.chip.org/GrowthCalc (Growth Calculator 2.01, Dan Nigrin, M.D., Children's Hospital Boston, Boston, MA).
